Introduction {#s002}
============

Engineering living tissues require recreation of both the three-dimensional (3D) organization of cells as well as extracellular features of the tissue to support the required tissue functions.^[@B1],[@B2]^ The unique requirements of scaffolds used to mimic the extracellular matrix (ECM) are evident when comparing the diversity of fibrous ECM within the multitude of human body parts, including nerve bundles,^[@B3]^ blood vessels,^[@B4]^ skin,^[@B5]^ lungs,^[@B6]^ intestines,^[@B7]^ kidneys,^[@B8]^ muscles,^[@B9],[@B10]^ and joints.^[@B11]^ In all of these tissues, the unique size, orientation, and chemistry of the underlying fibrous matrix provide structural stability, influence molecular transport, and organize multiple cell types to achieve a specific function.^[@B12],[@B13]^ Recapitulating these fibrous, tissue-specific ECM structures is a critical challenge.

Over decades, processes, such as phase separation,^[@B3],[@B14],[@B15]^ particle leaching,^[@B16],[@B17]^ gas foaming,^[@B18]^ and emulsification,^[@B21]^ have been used to create porous scaffolds. However, these processes are not ideal for creating fibrous structures necessary to replicate several tissue types (e.g., musculoskeletal, neural) wherein the fiber organization is key to the tissue function and biomechanics. Typical strategies for creating fibrous synthetic scaffolds have focused on two broader categories of processes--electrostatic fiber formation (EFF)^[@B22],[@B23]^ and 3D printing^[@B10],[@B24]^--with fundamentally different fiber formation and collection principles.

Electrospinning is the most widely used EFF process in which fiber formation is achieved through electrostatic repulsion forces between charged surfaces causing the continuous emission of fibers from a viscous fluid. The fibers are collected on a stationary substrate or a rotating collector to constitute the scaffold.^[@B9]^ Based on process parameters, such as applied voltage, needle diameter, needle-to-collector distance, solvent concentration, and solvent viscosity, fibers can be achieved with diameters in the range of 50 nm to several microns.^[@B4],[@B7],[@B9],[@B20],[@B22],[@B23],[@B27]^ However, creating scaffolds with complex anatomical geometries using electrospinning systems is challenging, and these systems have struggled to produce scaffolds more than 1 mm thick--many tissues are much thicker.^[@B25]^ For certain polymers, the need for organic solvents in these processes also impacts the choice of starting materials and necessitates careful precleaning of scaffolds before use with cells.

In comparison, 3D printing (3DP) processes excel at reproducibly fabricating scaffolds with patient-specific macrogeometry. In extrusion-based 3DP, the most commonly used scaffold fabrication principle, fibers are formed through pneumatic extrusion of a viscoelastic fluid (e.g., molten polymers, hydrogel solutions) onto a substrate through a syringe needle that traverses a computer-aided toolpath one layer at a time. The ability of these processes to achieve fibrous architectures with fine structures recapitulating native ECM is limited. Depending on parameters, such as extrusion pressure, syringe temperature, and needle size, the achievable fiber diameters typically range in the upper tens to hundreds of microns.^[@B28]^

Recently, electrohydrodynamic printing and electrowriting, which integrate principles from EFF (fiber formation modality) and 3D printing (computer-aided tool path), have also been investigated.^[@B28],[@B29]^ Although this approach provides good spatial control over fibers similar in diameter to electrospinning, the process is not efficient in creating scaffolds of clinically relevant thickness. As such, there is a need to develop more efficient biofabrication processes to create scaffolds that can recapitulate the micro- and macrostructure of native tissues.

The 3D melt-blowing (3DMB) process introduced in this work enables the creation of fibrous scaffolds with anatomically relevant macrogeometry and thickness while mimicking ECM architecture with fiber diameters in the range of 1--100 μm.^[@B30]^ The process has demonstrated the capacity to produce biocompatible fibers with predefined sizes and porosity, combinations of fibers with different chemical and physical properties, and fiber deposition with orientation controlled in three dimensions. The 3DMB offers significantly higher processing efficiency than EFF and 3DP-based processes. The typical polymer throughput in 3DMB is in the order of 100 mg/needle/min compared with 5 mg/needle/min for electrospinning.^[@B33]^ For comparison, it would take ∼8 h to 3D print a human polycaprolactone (PCL) scaffold for replacement of the knee meniscus through the extrusion-based 3D bioplotting process with fiber diameters and pores on the order of 100--200 μm, but the 3DMB process described in this study created a meniscus scaffold in under 15 min.^[@B34]^ The 3DMB represents a scalable, high-throughput technology capable of producing clinically translatable scaffolds in a few minutes.

This article describes the 3DMB operational principles, device design, and examples of fibers created from a variety of biocompatible polymers to demonstrate control of size, orientation, and physical properties. Two examples of scaffolds with unique designs, difficult if not impossible to fabricate using other methods, are also presented: a device for hernia repair that includes both stiff and stretchy fibers with a unique physical organization and maneuverability, and a knee meniscus scaffold with complex micro- and macroscale anatomical features.

Methods {#s003}
=======

The 3DMB system combines melt-blown fiber formation and a variety of computer-aided fiber collection mechanisms ([Fig. 1](#f1){ref-type="fig"}). The interaction of these primary components is critical to the development of fibrous scaffolds to recapitulate the desired micro- and macroarchitectures of tissues. Key components of the system for scaffold production are the stationary melt-blowing die, through which polymer fibers are extruded and attenuated by high-pressure heated air flow and the collector underneath.

![The 3DMB System. The system has two major sections. **(A)** In the fiber melt-blowing portion, an extruder converts solid pellets into molten polymer, a melt pump accurately meters the polymer flow through small nozzles in the die to form fibers, and an air heater (along with air flow) attenuates the fibers and manages the temperature of the formed fibers. **(B)** In the collection system, a collector adapted to create the desired scaffold geometry is mounted on a robotic arm and controls the location, speed, and angle of the fiber deposition. 3DMB, three-dimensional melt blowing.](ten.tec.2020.0098_figure1){#f1}

Fibers are formed using traditional strategies for melt blowing of polymers,^[@B35]^ but with alterations for biomedical applications ([Fig. 1A](#f1){ref-type="fig"}). Polymer is first fed through a hopper, which is smaller than that used in traditional melt-blowing systems and ideal for expensive biomedical-grade polymers. Polymer is then heated and extruded, and the flow rate of the polymer is controlled through an applied pressure. The polymer is then directed through a die. The die consists of an array of nozzles (5x5 with 2 mm center-to-center spacing), each allowing interaction of polymer with coaxial air flow. Specifically, the die has 3 × 3 nozzles for polymer and coaxial air with an additional row around the perimeter with air only (air curtain). This configuration is beneficial in terms of fiber formation and the evolution of the morphology in the fiber structure. The edge-to-edge distance between adjacent coaxial nozzles is 0.65 mm, which minimizes crosscurrent effects of adjacent air and polymer streams. In contrast to conventional dies comprising many nozzles in a single row, this die configuration utilizes multiple rows of fewer nozzles to produce high throughput of well-shaped fibers. In each nozzle, fiber formation is achieved as the air drawing forces overcome the polymer rheological force. Here, the interaction of the coaxial air jet with the viscoelastic polymer emerging from the nozzle under high pressure causes the polymer stream to stretch.

Different collection mechanisms can be configured to achieve the final desired scaffold design ([Fig. 1B](#f1){ref-type="fig"}). Of high relevance to biomedical applications, the collector can be biomodeled to patient-specific geometry using medical images and 3D printed out of thermally resistant materials, such as acrylonitrile butadiene styrene (ABS). The collector is loaded onto a six-axis robot arm and positioned underneath the melt-blowing die. The collector can be translated along the six-axes or rotated through a motor-driven shaft at different linear and rotational speeds to control the deposition characteristics of the fibers. The interaction of the collector with the melt-blown fiber is essential to the 3DMB process--the collector not only acts as a substrate or mold onto which the melt-blown fibers are deposited to create the desired 3D geometry, but its position and motion with respect to the die also impact the fiber morphology and orientation. The fibers experience a bending instability as they emit from the die, causing them to whip and buckle. Matching the collector surface speed to fiber speed eliminates the bending instability and the rotation of the collector pulls the fibers into alignment along the direction of the collector motion. Speeds of up to 15 × 10^5^ mm/min could be generated at the surface of the collector in this system.

Several processing parameters, including chemistry of the polymer, the melt-blowing conditions, collection mechanism, and time of collection, together govern the macrogeometry and microarchitecture of the fibrous structure. Parameters investigated in this study include variations in the polymer, polymer flow rate (controlled by polymer temperature and extruder pressure), air temperature, air flow rate, die-collector distance (DCD, the distance between the die face and deposition location on the collector), surface velocity of collection (SVC), fiber deposition offset (FDO, the lateral distance between the collector\'s central axis and the position of the central nozzle), angle between collection surface and polymer stream, and transverse collection velocity.

Experiments {#s004}
===========

Experimental design at a glance {#s005}
-------------------------------

The 3DMB system was constructed to produce fibrous scaffolds with oriented depositions in three dimensions. A design of experiments strategy was employed to determine the operating parameters to produce fibers of defined diameter and organization out of multiple materials. Finally, multicomponent scaffolds and scaffolds with complex 3D geometry predesigned to mimic a human tissue geometry were demonstrated to exemplify the type of architectures possible with the 3DMB approach. The following methods detail the device components, the variety of materials used, the range of diameters produced, and the flexibility in the types of scaffolds possible. Analytical methods used to characterize the fibers and scaffolds are described.

Details of the 3D melt blowing system {#s006}
-------------------------------------

The first step in the process of producing the melt-blown fibers is to melt the polymer pellets in an extruder. A Randcastle 0625 vertical extruder with a 24:1 L/D mixing screw (Randcastle Extrusion Systems, Inc., NJ) was used for the system. A closed-loop coolant chiller is used to cool both feed-throat and gearbox. From the extruder, a set of transfer zones are used to move the molten polymer from the output point of the extruder to the 3 × 3 nozzle Biax melt-blown die (Biax, FiberFilm, WI). Throughput is controlled through pressure feedback with the 3-phase motor of the extruder and viscosity (temperature) control of the polymer temperature.

The Biax die placed at the end of extruder has nine active polymer nozzles arranged in a 3 × 3 matrix. An additional row of "dead" nozzles is located around the perimeter serving as an air curtain. Heated air is routed through the die block and each nozzle has its own concentric air jet. Airflow control is managed with a mass flow controller (Vögtlin Instruments, Switzerland) with a max flow rate of 450 L/min. An HA2--12 air process heater (Backer Hotwatt, MA) is used to provide consistent hot air to the melt-blown die.

Samples are produced using a variety of collection systems. The extruder and die are stationary, while the collectors are small enough to be mounted on an XYZ stage or a robot arm with 6° of freedom of motion. Collection surfaces were mounted on either a Benchtop PRO 2424 XYZ stage (Avid CNC, WA) with 24 in × 24 in working area or a Denso VS68 robot arm (Denso, Japan). Collection surfaces included a flat surface (up to 24 in × 24 in on the Benchtop PRO and 12 in × 12 in on the Denso Robot), a rotating drum capable of surface speeds in excess of 15 × 10^5^ mm/min (diameter ranges from 6 to 8 in) and a small rotating mandrel mount that was used for smaller diameter rods (¼--1 in) as well as the collector mold specially designed to produce the meniscus shape.

The system is controlled through a human--machine interface that manages signals from the heating, drive, and robot systems. Programming of the robot or stage is done with vendor software (Mach 3 for the stage and WINCAPS III for the Denso). Communication through the programming software can enable and set process variables dynamically during sample collection.

Assessing effects of 3DMB process parameters on properties of fibrous PCL scaffolds {#s007}
-----------------------------------------------------------------------------------

Effects of three important 3DMB parameters--SVC (1.5 × 10^5^ mm/min, 7 × 10^5^ mm/min), FDO (0 mm \[at the central axis\], 80 mm \[offset toward the incoming edge\]), and DCD (150 mm, 200 mm)--on three scaffold characteristics--fiber diameter, fiber angular coherency, and tensile elastic modulus--were assessed. These process parameter levels represent the limits within which 3D fibrous PCL scaffolds could be feasibly fabricated. Molten PCL (Mw 43 kDa, Polysciences, PA) at 130°C was extruded through the die with nine nozzles (⌀ 300 μm each) at a polymer throughput of 100 mg/nozzle/min. The polymer streams were attenuated with air at a temperature of 140°C air and total throughput of 110 L/min. The resulting fibers were collected onto a rotating metal mandrel (⌀ 208 mm) covered with poly-coated paper (Gordon Paper Company, Virginia Beach, VA) to obtain 3-mm thick melt-blown samples at each parameter combination. The poly-coated paper aided in the removal of the fibrous sample postfabrication.

Scanning electron microscopy (SEM; Phenom Pro, Phenom, Netherlands) micrographs of melt-blown samples (*n* = 3 per parameter combination) were sputter coated with gold--palladium (60:40) for 90 s, at 29 mA DC and 0.05 Torr, imaged at 5 kV accelerating voltage, and analyzed using ImageJ and a custom MATLAB script to determine the mean fiber diameter. Furthermore, the OrientationJ plugin was used to characterize the angular coherency of fibers in each image. Angular coherency is a metric of anisotropy based on the analyses of the structure tensor of the image. This structure tensor is a matrix derived from the image, evaluated at each pixel. The structure tensor carries essential information about the orientation direction and intensity of the edges of the fibers within the image. The ratio of the degree of orientation to the edge intensity at each pixel yields the local angular coherency. The angular coherency of the entire image was derived from the distribution of aforementioned local angular coherencies, on a scale of 0% to 100%. Greater angular coherency indicates a higher proportion of fibers oriented along a principal direction in the image.

For analysis of mechanical properties, dog-bone specimens (*n* = 3 per parameter combination), as per ASTM D1708-18 (gage dimensions: 5 × 22 mm), were punched from melt-blown samples along the direction of collector rotation. The samples were tensile tested using a universal testing system (5944; Instron) to failure with a 500 N load cell at a uniaxial displacement rate of 10 mm/min. The elastic region of each stress--strain curve was automatically identified, and tensile modulus was then calculated. Tensile strength was normalized to the sample weight.

Based on the observed fibrous characteristics, samples of two groups with contrasting fiber-pore morphologies fabricated with SVC/FDO/DCD of 1.5 × 10^5^/0/150 and 7 × 10^5^/80/150 were evaluated for the ability to support cell culture as check for short-term biocompatibility. In addition to fiber diameter and angular coherency, scaffold porosity of the two groups was determined in ImageJ wherein the fibers in the foreground of SEM micrographs (*n* = 3/sample) were segmented from the background, their area calculated, and then subtracted from the total micrograph area. Disc-shaped scaffolds (⌀ 8 mm) were sectioned from samples in both groups. The scaffolds were treated with 2.5 M sodium hydroxide for 1 h to improve their hydrophilicity. They were subsequently sterilized by soaking in 70% ethanol for 30 min and rinsing thoroughly with sterile phosphate-buffered saline. Cell seeding was performed in a 48-well plate using a multistep procedure. First, 2.5 × 10^5^ NIH 3T3 cells were seeded onto one side and cultured in Eagle\'s minimum essential medium supplemented with 10% fetal bovine serum over 24 h. Then, the scaffolds were inverted, seeded with 2.5 × 10^5^ cells on the opposite side, and cultured in the medium for another 24 h. At this time (Day 1), one sample of each morphology was assessed for cell viability using Live/Dead assay (Thermo Fisher Scientific, MA). In parallel, three samples of each morphology were cultured in the medium for 7 days and cellular metabolic activity was assessed through alamarBlue assay (Thermo Fisher Scientific) at days 2and 7.

Fabrication of scaffold: example 1 featuring two different kinds of fibers {#s008}
--------------------------------------------------------------------------

The hernia plug consisted of two layers of melt-blown fibers, one layer made of PCL (Polysciences) and the other layer of 6260D PLA (NatureWorks, MN). Samples were made using a rotating drum attached to a robotic arm with 6 degrees of freedom of motion (Denso VS68). The fibers were highly oriented in such a manner as to allow the web to be stretched in the crossdirection. The stretch enabled the web to be turned into a tube (bonding the edges) and subsequently rolled into a plug. The complete web was about 100 g/m^2^ with similar proportions of PCL and polylactic acid (PLA).

The PCL web (50 gsm web, deposited using 0.08 ghm polymer) was fabricated using low-volume air flow (35 L/min) and matching SVC to filament spinning speed (50 m/min). These settings created a highly oriented web with two distinct orientations. The angle between the fibers was controlled by changing the velocity of the traverse motion (25 m/min). The optimum web created for the purpose of the hernia plug had an angle of ∼60° between fibers.

Once the PCL webs were fabricated, they were cut in half and secured to the drum using painter\'s tape. PLA 6260D was then processed (40 gsm PLA web, deposited using 0.25 ghm polymer, 175 L/min air volume) into fibers 5--10 μm in diameter that were highly oriented (75 mm positive offset). The PLA was sprayed directly onto the PCL webs at a collection velocity of 200 m/min, and the heat from the PLA fibers used to bind them to the PCL. The two-layer PCL/PLA web was then rolled and bonded using a heated knife edge to the desired diameter.

Fabrication of scaffold: example 2 featuring complex 3D architecture {#s009}
--------------------------------------------------------------------

A stereolithography (STL) model of medial knee meniscus reconstructed from magnetic resonance imaging (MRI) scan of a human knee^[@B24]^ was processed in Autodesk Meshmixer using Boolean operations to form a mold cavity with net shape of the meniscus model on a cylindrical mandrel. The cavity was smoothened to match the meniscus\' depth and width to allow for uninterrupted melt-blown fiber collection during rotation. This final model of the cylindrical mandrel with the meniscus-shaped cavity was then 3D-printed out of ABS on a uPrint system (Stratasys, MN). PCL melt blown through the die with three nozzles (⌀ 300 μm each) at 150°C with a polymer throughput of 0.15 ghm and attenuating air temperature and throughput of 150°C and 50 L/min, respectively, was collected onto the biomodeled mandrel rotating at 600 rpm.

Results and Discussion {#s010}
======================

Relationship between 3DMB process parameters and scaffold characteristics {#s011}
-------------------------------------------------------------------------

The levels of the three key 3DMB parameters, SVC, DCD, and FDO, in [Table 1](#tb1){ref-type="table"} are the extreme conditions attainable with the system when using the rotating collector mechanism in [Figure 1B](#f1){ref-type="fig"} with a radius of ∼104 mm. The FDO parameter can, with some fiber materials, extend as far as the radius of the collector. With other materials, the FDO is limited in practice to ∼80% of the collector radius due to the stochastic nature of the fiber movement through space until it is collected. DCD is similarly limited by the fiber trajectory, which becomes more dispersed as the distance from the die to the collector grows. SVC is limited by the maximal rotational speed and torque of the collector motor. The range of SVC, DCD, and FDO levels at which fibrous scaffolds can be reproducibly achieved vary by the polymer.

###### 

Range of Process Parameters Achievable with the Three-Dimensional Melt-Blowing System

  Parameter                                                        Unit                            Minimum   Maximum
  ---------------------------------------------------------------- ------- ----------------------- --------- ----------
  Polymer temperature                                              C                               130       300
  Polymer throughput                                               ghm     gram/(hole^\*^minute)   0.05      1
  Cold air volume                                                  l/min   liters/minute           25        300
  Die collector distance                                           mm      millimeters             10        400
  Surface velocity of collection                                   m/min   meters/minute           1         1500
  Traverse collection velocity                                     m/min   (collector movement)    0         60
  Fiber deposition offset (for a radius of collection of 104 mm)   mm                              0         ±100
  Passes                                                           \#      number of "layers"      1         No limit

[Figure 2](#f2){ref-type="fig"} highlights how changes in DCD, SVC, and FDO affect the fibrous properties of the PCL scaffolds ([Fig. 1B](#f1){ref-type="fig"}). For this parameter space, viable scaffolds could be produced at all parameter combinations, except at higher SVC and DCD values and lower FDO values ([Fig. 2B](#f2){ref-type="fig"}). Among viable groups, mean fiber diameters ranged between 4.4--8.1 μm, angular coherency between 8% and 85% (coherency defined as the proportion of fibers aligned along the direction of rotation of the collector), and tensile strength to weight ratio between 7.1 and 16 MPa/g. Different parameter combinations were able to produce fiber ensembles with obvious differences in morphology ([Fig. 2B](#f2){ref-type="fig"}), which were further quantified ([Fig. 2C--E](#f2){ref-type="fig"}). Scaffolds fabricated at lower SVC, FDO, and DCD values demonstrated the largest fiber diameter and lowest angular coherency. Increasing the SVC and FDO resulted in a 50% decrease in the scaffold fiber diameter and 1300% increase in angular coherency. But, the effects of changes in DCD on fiber morphology were not appreciable (generally \<10%). Furthermore, the tensile strength-to-weight ratio correlated well with the scaffolds\' angular coherency. Scaffolds fabricated at the higher FDO and SVC had higher angular coherency of the fibers as well as 77% greater tensile strength-to-weight ratio. This implies that scaffolds with a higher proportion of fibers aligned along the principal direction of rotation of the 3DMB collector possessed higher tensile strength along that direction, as hypothesized.

![Control of PCL Fiber Production: Effects of three key 3DMB process parameters--**(A)** SVC, DCD, and FDL--on **(B, C)** produced fiber diameter, (**B, D**) angular coherency, and **(E)** tensile strength/weight ratio. DCD, die-collector distance; FDL; PCL, polycaprolactone; SVC, surface velocity of collection.](ten.tec.2020.0098_figure2){#f2}

Process parameters also influenced cellular interactions. As a preliminary check on biocompatibility, scaffolds featuring different fiber morphologies were cultured with NIH 3T3 fibroblasts ([Fig. 3](#f3){ref-type="fig"}). Specifically, we compared scaffolds featuring high fiber diameter, low angular coherency, and lower porosity (SVC/FDO/DCD of 1.5 × 10^5^/0/150) with scaffolds featuring low fiber diameter, high angular coherency, and higher porosity (SVC/FDO/DCD of 7 × 10^5^/80/150). Differences were also observed in the biological characteristics of groups that possessed the greatest contrast in fiber morphology--SVC/FDO/DCD of 1.5 × 10^5^/0/150 (highest fiber diameter, lowest angular coherency, 28.7% ± 1.25% porosity) and 7 × 10^5^/80/150 (lowest fiber diameter, highest angular coherency, 42.1% ± 0.44% porosity). Scaffolds were cultured with NIH 3T3 fibroblasts. At day 1, the scaffolds of the former group supported cells with higher viability. In contrast, at days 2 and 7, scaffolds of the more porous, more aligned group demonstrated higher cellular metabolic activity.

![Scaffolds support cell proliferation. Differences in 3T3 cell viability and metabolic activity of scaffolds with contrasting fibrous morphologies fabricated with different combinations of 3DMB parameters indicated by (*left*) Live/Dead images at day 1, and (*right*) % alamarBlue reduction at days 2 and 7.](ten.tec.2020.0098_figure3){#f3}

These results highlight the interplay between 3DMB process parameters and how the parameters can be modulated to tune the scaffold morphology, mechanical properties, and biocompatibility. The 3DMB process can be optimized to engineer scaffolds with properties to match the tissue application by appropriately tuning and controlling these parameters.

Examples of fiber production and alignment {#s012}
------------------------------------------

The 3DMB system offers versatility in the polymers that can be used. [Figure 4](#f4){ref-type="fig"} demonstrates fibrous scaffolds fabricated from a variety of thermoplastic materials, including polyesters, polyurethanes, and polyester elastomers under the conditions listed in [Supplementary Table S1](#SD1){ref-type="supplementary-material"}. For each material, the process could be tuned to produce reproducible scaffolds comprising uniform micron-diameter fibers. Interestingly, morphology was dependent on material class, with polyester fibers appearing straight, while fibers made from polyurethane or polyester elastomer had higher tortuosity.

![3DMP for distinct fiber materials, diameters, and orientation. The compatibility of multiple medical-grade thermoplastics has been demonstrated using this 3DMB process (*top row*). Control of fiber diameter and organization has also been demonstrated for these materials. For example, this process is capable of tuning PCL fiber diameter (*middle row*) and orientation (*bottom row*). The ability of 3DMB to tailor fiber macro- and microstructure is promising for repair strategies for tissues with highly specialized fibrous architectures.](ten.tec.2020.0098_figure4){#f4}

The 3DMB system provided excellent control over fiber diameter through the numerous tunable processing parameters. To illustrate this concept, several fiber scaffolds made from the same material (PCL), but with different fiber diameter, are shown in [Figure 4](#f4){ref-type="fig"} (middle row). In general, for PCL, mean fiber diameter could be varied from ∼60 μm in diameter down to ∼5 μm. More specifically, the representative PCL samples have fiber sizes (mean ± standard deviation) of 54.0 ± 6.7 μm, 32.8 ± 8.8 μm, and 5.7 ± 2.6 μm. This low variability (∼±2--3 μm at low diameters and ∼7--9 μm at high diameters) provides for fine tuning of fibers in scaffolds to mimic natural fibers for specific applications or to probe scientific questions regarding specific ranges of fiber diameters. Importantly, this range of fibers represents a size scale difficult or impossible to achieve using large 3D printing systems and includes the upper range of fiber diameters achieved through electrospinning.

The 3DMB system also offers the ability to tune fiber orientation, using specific collectors moving at high rates of speed as in [Figure 4](#f4){ref-type="fig"} (bottom row). To demonstrate this capability, we fabricated scaffolds made from the same material (PCL) using the rotating drum collector ([Fig. 1B](#f1){ref-type="fig"}). To control fiber orientation, the speed of the drum (SVC) was varied. At low speeds, more random fiber orientations were achieved. For example, in [Figure 4](#f4){ref-type="fig"} (lower left panel) an angular coherency of only 24% was observed. As drum speed increased, more oriented configurations were achieved ([Fig. 4](#f4){ref-type="fig"}, lower center and right panels). More importantly, orientation could be controlled, allowing the creation of scaffolds with 66% or 86% of fibers aligned along the direction of motion depending on the speed used. Similar to the discussion of fiber size, this fine control of orientation will enable fabrication of more consistent and specialized scaffolds while also providing a methodology for characterizing the impact of slight variations in fiber orientation for a given application.

Scaffold example 1: device fabricated from two different kinds of fibers {#s013}
------------------------------------------------------------------------

The objective was to create a bioresorbable hernia plug for canine therapy. The starting shape is a cylinder, which the surgeon flips partially inside out to form an insertable plug ([Fig. 5](#f5){ref-type="fig"}). After removal of extruded hernial tissue, the flipped end of the cylinder would be inserted into the defect. After cutting the material to release the flipped portion internal to the abdominal wall and to shorten the cylinder to the desired size on the external wall, the ends would be pulled in opposite directions and stapled into place. To accomplish this manipulation, the cylinder needs to be compressible, strong, and elastic.

![Double layer scaffold for hernia repair device. **(A)** bilayer scaffold produced from a PCL layer and a PLA layer oriented at angles to each other. **(B)** Photograph showing the long-range extent of orientation of fibers in the two-layer PCL/PLA hernia repair tube. **(C)** Roll-down method performed on the bilayer PCL + PLA mesh tube. **(D)**. Insertion into canine cadaver for hernia repair. PLA, polylactic acid.](ten.tec.2020.0098_figure5){#f5}

The fabric used to make the initial cylinder was composed of a layer of PCL and a layer of PLA. The 3DMB was performed using a high speed of rotation for the collection drum, thereby creating a high orientation of the fibers in the resulting fabric ([Fig. 5](#f5){ref-type="fig"}). PLA by itself made cylinders that were too brittle to roll, and PCL by itself did not provide the tensile strength required. Sequentially printing the PLA and PCL on the same cylinder produced two-layer cylinders that had both sufficient flexibility and strength. The high degree of orientation of fibers in the fabric provides the structure with the extra elasticity needed for ease of flipping one end of the cylinder inside out while wearing surgical gloves.

The prototypes were successfully implanted in dog cadavers ([Fig. 5](#f5){ref-type="fig"}), demonstrating that the basic requirements for the mechanical behavior were met: the end of the cylinder could be flipped easily, and the fabric did not tear or fall apart while handled. What remains to be analyzed are the *in vivo* metrics such as degradation time, foreign body reaction, and healing rates. As the evaluation of clinical utility progresses, the degradation time of each polymer can be independently tuned to provide extended support as the healing progresses.

Scaffold example 2: scaffold with complex 3D architecture {#s014}
---------------------------------------------------------

The menisci within the knee joint are complex structures that transmit and distribute loads between the tibia and femur. In one plane, the menisci have a semilunar macroscale geometry ([Fig. 6A, C](#f6){ref-type="fig"}). In another plane, the menisci have a wedge-shaped geometry. Such a complex geometry allows the menisci to be congruent to both the spherical shape of the femoral condyles and the planar shape of tibial plateau and allow effective force transmission ([Fig. 6A](#f6){ref-type="fig"}). The collagen fiber bundles in the menisci are densely packed and mostly oriented in the circumferential direction, with the occasional radial "tie" fiber or sheet ([Fig. 6C](#f6){ref-type="fig"}). This scaffold architecture is important for the meniscus to function under compression, tension, and shear. Thus, to engineer a scaffold to replace the meniscus, both the micro- and macrostructural features must be matched.

![Scaffold for meniscus replacement. **(A)** Menisci are cartilaginous tissues located between the tibia and femur to act as shock absorbers. Currently, surgical repair or allografts are used to treat meniscus injuries, but no FDA-approved replacement device exists in the United States. Different 3D printing approaches are being investigated to create tissue-engineered alternatives. Once the patient-specific geometry is biomodeled from the patient\'s MRI scans **(B)**, these 3D biomodels can be used in 3D printing to recapitulate the 3D shape. The macroscale shape and microscale fibrous microarchitecture of these scaffolds is shown for natural tissue **(C)**, a 3D bioplotted PCL scaffold **(D)** and a 3DMB PCL scaffolds **(E)**. FDA, Food and Drug Administration; MRI, magnetic resonance imaging.](ten.tec.2020.0098_figure6){#f6}

To match the macroscale geometry, patient-specific geometry can be modeled from a patient\'s MRI scans ([Fig. 6B](#f6){ref-type="fig"}). In 3D bioplotting (extrusion-based 3D printing), this information is imported into software used to control a path of polymer deposition allowing excellent reconstruction of the 3D macroscale geometry ([Fig. 6D](#f6){ref-type="fig"}). However, this process has fibers on the order of hundreds of microns and the resulting scaffold does not match the microstructure of the meniscus.

Using 3DMB, we matched the macroscale of the meniscus by using the patient-specific geometry to fabricate an inverse mold of the meniscus as shown schematically in [Figure 1B](#f1){ref-type="fig"}. Then, we collected fibers within the void space of the collector while it was rotated as a high rate of speed, resulting in complete filling of the void space and a macroscale geometry similar to the meniscus. The 3DMB fibers were well-aligned along the principal direction of collector rotation (fiber diameter = 12 μm, angular coherency = 72%), and the microarchitecture of this scaffold more closely resembles that of the native meniscus ([Fig. 6E](#f6){ref-type="fig"}). Moreover, while the 3DP process takes ∼4 h, the 3DMB process requires less than 15 min to make a scaffold for the same meniscus geometry.

Tradeoffs for achieving high-throughput scaffold production {#s015}
-----------------------------------------------------------

Despite the advantages of this new system, some limitations and challenges exist that coincide with the focus on achieving high throughput. First, in 3DMB the focus of the process is on achieving high throughput and anatomically sized scaffolds with biologically relevant fiber sizes; thus the direct control over individual fiber deposition typical of EDP processes is not possible. Second, the higher throughputs in 3DMB necessitate larger volumes of polymers to operate the system. The typical volume of polymer raw material needed to operate the melt-blowing subsystem (∼100 *g*) is an order of magnitude higher than volumes needed for electrospinning or 3DP systems; note that this is only a disadvantage if scaffolds are to be produced one at a time Third, in its current form, the 3DMB system is suitable for processing only molten thermoplastics and not for biologics and other thermosensitive biomaterials. To process these other materials, the setup will have to be modified to replace the melt-blowing subsystem with a solution blowing apparatus. Finally, the 3DMB system is larger than a typical electrospinning or 3DP apparatus. As a result, the system cannot be placed inside a biosafety cabinet for aseptic processing. To make scaffolds for clinical studies, the system needs to be located in a GMP clean room.

Conclusions {#s016}
===========

The 3D fiber melt-blowing process introduced in this study has demonstrated the capacity to produce biocompatible fibers with predefined sizes and spacing, combinations of fibers with different chemical and physical properties, and fiber deposition with orientation controlled in three dimensions. Unlike conventional melt-blowing systems, the 3DMB process is configured for efficient use with the relatively expensive polymers necessary for biomedical applications, decreasing the required amounts of material for processing while achieving high throughputs compared with 3D printing or electrospinning. The 3DMB technology has been demonstrated to make scaffolds composed of multiple fiber materials and organized into complex shapes, including those typical of human body parts.

The 3DMB process has been designed to be adaptable for inclusion of cells as well as biocompatible polymers. The air curtain around the fluid as it passes through each nozzle not only separates the fibers from each other during the blowing process, but also reduces the shear forces that a cell passing through the system would encounter. The remaining challenge to print cells simultaneously with the fibers is to demonstrate printing at 37°C, preferably with biopolymers such as collagen or gelatin.

Early *in vitro* studies presented here have demonstrated the ability of PCL scaffolds made through 3DMB to support cell attachment and proliferation. In future, we will develop hybrid processing strategies to incorporate relevant growth factors (e.g., proteins, peptides) to enhance the bioactivity of scaffolds for specific tissue applications and investigate the functionality of scaffolds *in vivo*.

Supplementary Material
======================

###### Supplemental data

The AIF is a member of the North Carolina Research Triangle Nanotechnology Network (RTNN), a site in the National Nanotechnology Coordinated Infrastructure (NNCI).
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